Abstract Studies addressing the impact of salmon lice (Lepeophtheirus salmonis Krøyer) on sea trout in their natural habitat are scarce and mostly limited to prophylaxis-based experiments. The main drawbacks with this approach are that lice infestations on control fish are not known and the anti-parasitic treatment is of unknown efficacy and may have unwanted side-effects. We tested an innovative approach where prophylaxis is replaced with artificial infestation of the fish. Twenty-nine sea trout post-smolts were caught in a farming-free area in southern Norway and half the fish were artificially infested with lice. Survival and behavior of individual fish was investigated using acoustic telemetry. Furthermore, salinity values were extracted from an hydrodynamical model simulation and connected to individual 3D positions. Results from this pilot study show consistent trends in behavioral differences between artificially infested and control fish. All fish that died or prematurely returned to freshwater were artificially infested fish, although results were not statistically significant. Besides, power analysis confirmed the limitations of this small pilot study for delivering statistically significant inferences. We found also indications of artificially infested fish remaining in shallower waters and within shorter distance to low salinity habitats, but only differences in modelled salinity values were statistically significant. Methodological progress and limitations with this original approach are discussed, and we recommend further studies using this combination of methods and the lessons learnt from this pilot study to provide better quantitative evidence on the effect of salmon lice on sea trout in the wild.
Introduction
Salmon farming has experienced a very rapid development in Norway, from a production of a few hundred tons in the early 70's to more than 1.3 million tons in 2015 (Statistics Norway, https://www.ssb.no). There are currently close to 1000 salmon farms scattered along most of the Norwegian coastline, and only a few areas remain free from intensive farming (Directorate of Fisheries, www.fiskeridir.no). The growth of this industry has not been without environmental concerns. Together with escaped salmon, the spread of the parasitic copepod salmon louse (Lepeophtheirus salmonis, Krøyer) from fish farms has been identified as a major threat for wild salmonids in Norway (Costello 2009; Taranger et al. 2015; Forseth et al. 2017) . Amongst salmonids, sea trout may be particularly vulnerable to salmon lice infestation because most sea trout remain in fjords and coastal waters, where salmon farms -and thus salmon lice-concentrate, during most part of their marine migration. Although the causal relationship between salmon farming and lice epizootics on sea trout has been controversial over the last decade, there is extensive evidence linking high lice infestations on wild sea trout to farm-intensive areas (Bjørn et al. 2001; Bjørn et al. 2011; Middlemas et al. 2013; SerraLlinares et al. 2014; Serra-Llinares et al. 2016; Shephard et al. 2016) . Furthermore, it has recently been documented that lice collected from wild salmonids in farm-dense areas often carry resistance to organophosphates in a frequency that mimics those in nearby farms, unequivocally demonstrating that salmon farms are a primary driver of the salmon louse infection dynamics (Fjørtoft et al. 2017) .
Salmon lice feeds on skin, blood and mucus of salmonid fish and their harmful effects on individual sea trout have been widely documented. These include osmoregulatory problems and physiological stress responses, secondary infections, reduced fitness and in worst cases a complete physiological breakdown and death of the salmonid host (Birkeland and Jakobsen 1997; Bjorn and Finstad 1997; Dawson 1998; Poole et al. 2000; Bjørn et al. 2001) . Changes in migratory behavior (Birkeland 1996; Birkeland and Jakobsen 1997; Bjørn et al. 2001; Gjelland et al. 2014; HattonEllis et al. 2006; Pert et al. 2009 ) and reduction of marine growth of individual fish (Birkeland 1996; Poole et al. 1996; Butler and Walker 2006; Fjørtoft et al. 2014 ) have also been documented. Salmon lice in areas with high farming intensity may also negatively impact sea trout on the population level, as shown in Ireland (Tully and Whelan 1993; Tully et al. 1999; Gargan et al. 2003 Gargan et al. , 2006 Gargan et al. , 2016 , Scotland (Butler and Walker 2006) and Norway (Bjørn et al. 2001; Skaala et al. 2014) . Most of this evidence is, however, circumstantial. Direct and quantitative evidence of the relative role of salmon lice infestation on these population declines is still missing. In a recent and extensive review of available scientific literature on the impact of salmon lice on sea trout, Thorstad et al. (2015) concluded that Bthe most important knowledge gaps are related to salmon lice impacts at the population level and in quantifying the reduction in wild sea trout populations arising from increased mortality and reduced growth attributable to salmon lice^.
Disentangling the relative role of salmon lice from other factors regulating mortality and fitness on wild fish, such as food availability, predation, water quality and/or other parasites, is a challenging task, especially since these factors may affect each other in many possible ways. Additionally, free-swimming sea trout may modify their natural behavior to mitigate the effect of the parasites by prematurely returning to freshwater. This behavioral adaptation may mask, delay or prevent direct mortality, but at the cost of reduced marine growth, reduced fecundity and/or reduced spawning success (Birkeland 1996; Birkeland and Jakobsen 1997; Dawson 1998; Gjelland et al. 2014; Shephard et al. 2016; Halttunen et al. 2018) , which may ultimately have an impact on the population level. Due to this complexity, field experiments where lice-infested fish can interact with their natural environments are needed to properly measure the relative impact of salmon lice on sea trout at both individual and population levels.
Field studies performing paired releases of control groups and groups treated with an anti-parasitic agent, i.e. prophylaxis-based Brandomized control trials^, (RCTs), have become a widespread method to disentangle the effect of salmon lice from other factors regulating mortality and growth of wild fish. This approach has been extensively used in recent years to study the impact of salmon lice on the marine survival of Atlantic salmon, estimated through recapture of returning fish (Jackson et al. 2011; Gargan et al. 2012; Krkošek et al. 2013; Skilbrei et al. 2013; Vollset et al. 2014 Vollset et al. , 2016 , whilst very few similar studies have addressed the effect of salmon lice on sea trout (Gjelland et al. 2014; Skaala et al. 2014; Halttunen et al. 2018) . However, and despite the potential of RCTs to provide a more accurate picture of the effect of salmon lice on wild fish compared to laboratory studies, there are some caveats associated with the prophylaxis-based approach. Firstly, there may be limitations in the protection provided by the treatment (in terms of efficacy, variation and duration). Secondly, there may be negative effects associated with the use of the prophylaxis itself (e.g., toxicity). Finally, prophylaxis-based studies rely on the Bnatural^lice infestation pressure in the study area which, in most intensively-farmed areas, has been proved to be highly variable and difficult to predict Helland et al. 2015; SerraLlinares et al. 2016 ). This, in combination with the typically skewed distribution of lice between wild hosts, makes it very difficult to make inference on the actual lice load in non-protected (control) fish. A more detailed discussion on the limitations of prophylaxis-based RCTs can be found at Vollset et al. (2018) and at Thorstad et al. (2015) .
An alternative approach to prophylaxis-based RCTs are studies based on artificial infestation of individual fish with salmon lice and comparison to an un-infested control group in a lice-free area. Such Binfestation-based RCTs^may be more suitable for assessing the effect of salmon lice on wild salmonids, as they 1) don't rely on the sustained effect of a prophylactic drug, 2) allow for a better control on the actual lice load on the fish, and 3) no other secondary effects are expected associated with the treatment (artificial infestation). Furthermore, in areas where the lice density is low, this method may also be the only way to conduct a treatment-control experiment.
In this pilot study, we tested the feasibility of an infestation-based RCT to study the effects of salmon lice on the survival and behavior of wild sea trout in their natural habitat. We combined this approach with the use of acoustic telemetry, which allows direct observation of survival of tagged individuals (thus reducing the dependency on the recapture of returning fish) as well as other potential behavioral changes motivated by lice. Finally, we combined 3D fish positions provided by acoustic telemetry with salinity estimates provided by a hydrodynamical model, so that differences in salinity preferences other than premature return to freshwater could be studied. Although we tested this new approach in a pilot study, with a limited number of fish included, we hypothesized that artificially infested fish would be stressed by their parasite load (compared to the control group) and alter their habitat choice seeking for lower salinities. We also hypothesize that the stress caused by the lice would lead to premature returns to freshwater and/or to an increased mortality risk. However, the main goal of this pilot study was to test 1) whether this combination of methods was feasible for a field study, and 2) whether there was indication of an added value on this shift in method (from prophylaxis-to infestation-based studies).
Methods

Study area
The study took place in Sandnesfjord, Southern Norway (58.6943°N, 9.1488°E) (Fig. 1 ) from June to September 2016. The closest active salmon farm is situated more than 85 km away (sea-way distance) from Sandnesfjord, and sustained low lice levels have been recorded on wild sea trout in the area in recent years . The river Storelva runs out to Sandnesfjord, and provides a 20 km river stretch for anadromous fish. The salinity in Sandnesfjord is commonly above 20, but the inner part of the fjord can be influenced by a shallow layer of fresh or brackish water. The transition areas between Sandnesfjord and the river Storelva, i.e. the areas known as Songevatn and Naevestadfjord, (Fig. 1 ) are characterized by low salinities, which vary between 0 and 15 depending on depth and the volume of inland freshwater inflow from the Skagerrak and the coastal current (Tjomsland and Kroglund 2010) . The whole area between the Naevestadfjord outlet and all the way up to the river Storelva will be referred to as Bfreshwater^from this point for simplicity.
Fish tagging and artificial infestation
Sea trout post-smolts (n = 36, size range 40-156 g) were caught in mid-June in Sandnesfjord using fishing traps designed for live sampling of sea trout (Barlaup et al. 2013) (Table 1) . Of these, 29 fish were tagged using acoustic tags from Thelma Biotel (ADT-LP-7.3 model, size of 22 × 7.3 mm; 1.1 g in water; typical battery life of 5 months) following standard chirurgical procedure, as described in Serra-Llinares et al. (2013) . Tags were built with a depth sensor (0.2 m resolution and 51 m maximum depth) and programmed to emit a unique identification code at random intervals every 30 to 90 s. The fish were inspected for lice (counts) and randomly assigned to group: Bcontrol^(n = 14) or Binfested^(n = 15). The remaining seven fish were tagged with passive dummy tags of the same size and weight as the ADT-LP-7.3 tags. This Breference^group was used to evaluate the success of the artificial lice infestation and the recovery after tagging.
Salmon lice copepodids used for artificial infestation were supplied by the Institute of Marine Research in Bergen. First, 40 mature egg strings were collected from female lice (BLsGulen^family, 30/31 generation in the laboratory). After incubation at 9.5°C for 10 days, approximately 4000 copepodids were collected and transferred in a 2000 ml thermos bottle to the field site in Sandnesfjord. The procedure of incubation and quantitative assessment is described in Hamre et al. (2009) .
For artificial infestation, sea water (salinity 30, 15°C) from 15 m depth was pumped and circulated into the infestation tank, where fish from both the artificially infested and reference groups were exposed to approximately 180 newly hatched copepodids each. During infestation, water circulation in the tank was stopped and the level kept at approximately 10 cm for 30 min; oxygen content was continuously monitored and regulated during the process. After infestation, the water circulation was re-established in the tanks, where the fish could recover for 5 h. To avoid a handling effect, the Bcontrol^group received a sham infestation following the same procedure as infested fish. After recovery, all fish in the artificially infested and control groups where simultaneously released in the middle part of the fjord (see Fig. 1 for exact position of the release site). Fish in the reference group were transferred to a nylon net recovery cage (volume 0.5 m 3 ) and kept for another 48 h prior to sampling. Acoustic tracking of the fish Tagged fish were monitored from release (20th June) to the end of the study (25th August) through an array of hydrophones (Vemco VR2W) covering the study area both at sea and in freshwater. Range tests indicated an optimal detection range of 150-200 m in sea water (85% of the signals were still picked up by the hydrophones at this distance). Based on this, we designed a hydrophone array consisting of 56 receivers, of which 51 were placed at sea water and five in freshwater (Fig. 1) . The array was designed so that it would provide the best possible coverage of the inner part of the fjord, covering the possibility that infested fish would search for a freshwater refuge for delousing. Fish movements in the fjord were monitored using parallel lines of receivers, so that we could assess which part of the fjord (inner/ middle/outer) the fish were at any time. Migration out of the fjord was monitored by a double fence of receivers at the fjord mouth, so that the direction of the fish passing by this area could be assessed. Last, receivers situated in freshwater provided information on the timing and frequency of returns.
The hydrophones recorded the depth and ID information emitted by the fish tags. Data were downloaded from the hydrophones at the end of the study and imported to Vemco VUE software (version 2.2.2). Data were corrected for temporal drift using VUE, and then exported to R software (R Core team 2015) where all analyses were performed. Any single isolated detection occurring in a 24 h period was removed as potentially spurious. Fish positions (1 h intervals) were estimated using center-of-activity locations (Simpfendorfer et al. 2002) . The center-of-activity location for a given time interval t is the mean position of the hydrophones that detected the animal at that time interval, weighted by the number of times the animal w a s d e t e c t e d a t e a c h h y d r o p h o n e ( s e e Simpfendorfer et al. 2002) . A mean depth value was also associated to each center-of-activity position, so that they consisted of a 3D position with latitude, longitude and depth.
Environmental monitoring Salinity data were obtained for each 3D fish position from a hydro-dynamical model simulation using ROMS (Regional Ocean Modeling System, http://myroms.org) with 50 m horizontal resolution based on output from NorKyst800 (Albretsen et al. 2011 ) and a 160 m model for the southeastern Norwegian coast (similar set ups as conducted in Asplin et al. (2014) and Espeland et al. (2015) . All three models applied high-resolution atmospheric forcing from the non-hydrostatic 2.5 km AROME MetCoOp regional atmospheric model (Müller et al. 2015) provided by the Norwegian Meteorological Institute. The freshwater discharge from Storelva was supplied outside the narrow strait between the Naevestadfjord and Sandnesfjord, and volume fluxes for all rivers were based on daily estimates from the Norwegian Water Resources and Energy Directorate. For model validation purposes, salinity was continuously monitored during the study at four different points along the fjord using DST tags (Star-Oddi, Iceland) (see Fig.  1 for exact positions of the loggers). Measurements from repeated CTD casts were also used to correct the model output for bias. The DST tags deployed near the surface along the fjord revealed that the hydro-dynamic model predicted higher salinity than direct measurements (positive bias) in the surface layer. This is probably attributed to how well defined the river outflow from Storelva is and/or how the vertical river outflow is implemented in the model. A similar bias was found for surface waters, also along the fjord axis (Fig. S1, electronic appendix) . However, the model error in salinity was reduced linearly and were close to zero by 22 m depth. To estimate a more precise salinity level for all tagged fish in the entire Sandnesfjord, we applied a linear relation for salinity bias correction with depth: 
Data interpretation and statistical analysis
Fate assessment
The fate of each individual fish was assessed from their depth profiles and positions. Individuals were classified as: 1) returned to freshwater (moved beyond the Naevestadfjord outlet and did not reenter the fjord), 2) dispersed (last detection crossing the outer double-fence of receivers), 3) dead (either stopped transmitting while inside the study area or started transmitting continuously at the same depth), or 4) survived (detections indicating normal vertical and horizontal swimming activity in the fjord by the end of the study).
Survival and premature return to freshwater
Cox proportional hazard models (Coxph) were used to analyse potential differences in the probability of survival and of premature return to freshwater between control and infested fish. Coxph models estimate the likelihood that an event will occur at time t. When modelling survival and premature return to freshwater, the fate/status was set as 0 (survived/did not return to river), or 1 (died/returned to river). Fate time was the number of days after release. For fish with fate/status = 0 (i.e. survived/did not return to river) fate date (t) was defined by the last observation and specified as right-censored data. Group (infested/control) and fish length (fork length) were used as explanatory variables. Models were fitted using the R library survival.
To further investigate the ability of our approach to detect between-groups differences in survival and premature return under different scenarios, we performed power analysis using the function ssizeCT from the R library powerSurvEpi. This function allows for sample size calculation for the comparison of survival curves between two groups under the Cox ProportionalHazards Model. Some parameters, such as postulated hazard ratio (RR), power (i.e. power to detect the magnitude of the hazard ratio as small as that specified by RR), alpha (i.e. type I error rate) or the ratio of participants in each group (k) can be manually adjusted in the function. Other parameters, such as the expected total number of events in each group, are estimated based on a pilot data set. We performed scenario testing to estimate the minimum sample required to detected different hazard ratios (RR) under the premise of three fixed parameters: power = 0.8, alpha = 0.05 and k = 1 (i.e. minimum sample size to have an 80% probability of detecting a survival ratio RR with a confidence of 95%, and given that there are the same number of fish in both groups).
Habitat choice
Both distance to freshwater and swimming depth were used as indirect indicators of salinity. The distance to freshwater were estimated as the linear distance between the center of activity (for each individual fish) and the Naevestadfjorden outlet (Fig. 1) . Negative distances were assigned to positions beyond this point. Daily mean distance to freshwater was then calculated for each fish. Mean daily swimming depth and mean daily salinity (obtained from the hydro-dynamical model) were also obtained for each fish.
Differences in distance to freshwater, swimming depth and salinity preferences between control and infested fish were tested using linear mixed models. Daily means were used as response variables, while group and fork length were used as explanatory variables. Individual identification was used as random intercept to account for random variation between individuals. An autoregressive process of order 1, corAR1 (see Zuur et al. 2009 ), was added to the random structure of the model to take temporal autocorrelation into account. Since the hydro-dynamical model did not cover the locations in low salinity areas, i.e. in Songevatn and Naevestadfjord, we fitted two different models for salinity: one model using all fish, where fish in freshwater locations were given a salinity value of zero (to test differences in salinity used in general), and one model where fish in freshwater locations were taken out of the data set (to look at differences in salinity used while inside the fjord only). Models were fitted using the R library nlme. All models were validated following Zuur et al. (2009) to verify that the underlying statistical assumptions were not violated.
Results
Initial and artificial lice infestation
Initial inspection of the sea trout post-smolts used in this study, i.e. directly after capture at sea, showed that 96% of the fish were infested with lice, with infestations ranging from two to 42 lice per fish, corresponding to 0.038 to 0.45 lice per gram fish weight (Table 1) . Chalimus II and pre-adult were the predominant stages. After artificial infestation, fish in the Breference^group (artificially infested) had acquired new copepodites, with a mean added intensity of 33 lice per fish. The minimum increase in observed lice on reference fish was 19 copepodites; we used this number to conservatively estimate the minimum final infestation on artificially infested fish (Binfested^group), which were then estimated to have post-infestation lice loads ranging from 21 to 61 lice, corresponding to final relative intensities of 0.24 to 0.74 lice gr −1 (Table 1) .
Acoustic tracking and fate assessment
A total of 28 fish (14 control and 14 infected) provided depth and movement data (one fish did not provide any data) (Table 1) . Most individuals were observed inside the fjord or dispersed towards the ocean. Approximately 1/3 (nine of 28) of the fish left the study area within the first week after release and were never observed again, thus providing limited data for posterior analysis.
Return to freshwater
All sea trout that returned to freshwater during the study period (two of 28 individuals) were artificially infested fish, but the difference between the groups was not statistically significant (p = 0,999; Table 2 ). Returning fish tended to be small sized (p = 0,145; Table 2 ).
Survival
Three individuals died during the study period, all belonging to the infested group. However, survival analysis showed no statistically significant difference between the groups (p = 0,999; Table 2 , Fig. 2 ). Fish length did not significantly affect the probability of death (p = 0,896; Table 2 ).
Power analysis
Results from the power analysis showed, based on the structure of the data provided by our pilot study (i.e. frequency of events and distribution of censoring points), that a sample size as low as that in the present study (14 fish in each group) would only have the sufficient power to detect significant differences in survival and/or premature return to freshwater between control and artificially infested fish given the survival (or return) ratio (RR) was higher than 10 (i.e. if fish in the control group had a 10 times higher probability of survival/premature return than artificially infested fish) (Table 3) . Conversely, to detect small differences in survival/premature return, such as RR = 1.5, the minimum required sample size would be as high as 2198 fish (1099 fish in each group).
Distance to freshwater
Sea trout made use of the entire fjord, and were also located up to 5.3 km up from the Naevestadfjorden outlet (Fig. 3) . The distance to freshwater (defined as the distance to the Naevestadfjorden outlet; Fig. 1 ) increased significantly with body size (p < 0.001, Fig. 4 , Table 4 ). The mean daily distance to freshwater was shorter for infested fish (4.0 km) compared to the control group (4.9 km) but the difference was not significant (p = 0.136; Table 4 , Figs. 3 and 4) .
Depth use
Sea trout were in general located close to the surface. Average daily depth ranged between 0.2 and 3.8 m (Fig.  4) . Artificially infested fish were located marginally closer to the surface (average daily depth = 1.1 m) compared to non-infected fish (average daily depth = 1.3 m) (p = 0.053; Fig. 4 , Table 4 ). Average daily depth increased significantly with body size for both groups, showing that larger fish in general used deeper waters (p = 0,013; Fig. 4 , Table 4 ).
Salinity
Average daily salinity used by sea trout varied between 0 and 27.6 (Fig. 4) . Results from linear mixed models showed that, while in the Sandnesfjord, trout in the artificially infested group remained in water with significantly lower salinity compared to their counterparts in the control group, although the difference was small (salinity 20 versus 21, p = 0.009; Table 4 , Fig. 4 ). The preference for higher salinity increased significantly with body size (p = 0.002; Table 4 ).
Discussion
Salmon lice and its impact on wild fish populations are sources of intense debate in all salmon producing countries, and it is currently of high political and economic relevance in Norway. Solid science-based advice is therefore needed by decision makers to be able to apply sound management strategies. Given the complexity of the systems, coupled with methodological challenges, direct quantitative evidence of the impact of salmon lice on the survival and growth of sea trout in their natural habitat have been proved difficult to obtain. A study by Skaala et al. (2014) in an intensively farmed fjord in western Norway showed that the survival of sea trout smolts treated with an anti-parasitic drug was nearly double compared to a control group. However, overall survival in this study was very low, and the number of surviving fish were limited. In the same fjord, Gjelland et al. (2014) and Halttunen et al. (2018) combined the administration of anti-parasitic treatments with the use of acoustic telemetry to study the survival and migratory behavior of wild, free-swimming sea trout. Despite most of the sea trout tracked in these studies adopted a movement pattern expected to suppress or alleviate salmon lice infestation, showing a strong preference for fresh and brackish water especially in high exposure years (Gjelland et al. 2014; Halttunen et al. 2018) , no significant differences in behavior nor in survival were found between treated and control groups (Gjelland et al. 2014; Halttunen et al. 2018 ), making it difficult to draw firm conclusions about the relative role of salmon lice itself. Nevertheless, all these studies are based on the use of anti-parasitic drugs. Due to the earlier stated caveats associated with this method, the lack of decisive results in these studies could arguably be related to methodological limitations. Furthermore, this kind of studies only test the effect of treatment against unknown lice intensities on control fish, and thus are not suited to investigate the shape of the relationship between lice and their impact on the host fish. Consequently, it has been suggested that moving from treatment-based to exposure-based studies may be a more suited approach (Vollset et al. 2018) .
In this pilot study, we have tested an infestationbased randomized control trial (RCT) as an alternative to the more extended prophylaxis-based approach to investigate the effect of salmon lice on wild, freeswimming sea trout. We have compared survival and habitat preferences between wild sea trout post-smolts either from a control group or from a group artificially infested with salmon lice. The combination of methods presented here (i.e. artificial infestation of wild fish in an area with natural low lice infestation pressure, combined with acoustic telemetry and hydrodynamical modeling) is, to our knowledge, novel in the pursue of quantitative evidence of the impact of salmon lice on sea trout in their natural habitat.
Only one of the end-points analyzed in this pilot study, i.e. differences in salinity preferences as determined by model simulations, showed statistically significant differences between control and artificially infested fish. Besides, limitations on the statistical Table 3 Estimated minimum sample sizes (control + experimental group) needed to have an 80% probability (i.e. power = 0.8) to detect statistical differences in survival/premature return between infested and control fish (survival ratio, RR), with a confidence of 95% (i.e. alpha = 0.05), given that there are the same number of fish in both groups (k = 1) All estimates are based on results from our pilot study and performed using the function ssizeCT from the R library powerSurvEpi power of such a small study (with only 14 fish in each group) were somehow expected. Furthermore, almost one third of the fish was lost from the study area after only 1 week post-release, which severely limited the amount of data available for posterior analyses. Power analysis further confirmed that the limited statistical power of our pilot study was not robust enough to unequivocally demonstrate whether the lack of differences between the groups reflected a real lack of impact from the lice burden, or was rather the result of the low statistical power. Thus, the lack of support for our hypothesis of increased risk of mortality and premature return for artificially infested fish cannot be seen as a proof for the hypothesis being refuted. Regardless, all our results consistently point at the same direction, i.e. towards artificially infested fish showing an altered behavior compared to their control counterparts, which may ultimately result in reduced survival and/ or fitness. We see these results as a support for our idea that this shift in method is the way forward for disentangling and finally quantifying the impact of salmon lice on wild sea trout. However, in order to provide solid quantitative proof of this impact (or lack of), robust study designs which will deliver the necessary statistical power to unequivocally support (or refute) these hypotheses are urgently needed. In the following paragraphs, we share some thoughts about the strengths and limitations of the study design presented here, and further make some recommendations on how to increase the statistical power of future study designs following this approach.
Two important premises for an infestation-based approach to causally explain the effects of salmon lice per se is that i) all fish should be free for lice by the start of the study, and ii) control fish should remain free from lice during the rest of the study. Lice burdens on wild fish typically remain very low during the whole sea migration period in farm-free areas (Tingley et al. 1997; Schram et al. 1998; Heuch et al. 2002; Rikardsen 2004; Urquhart et al. 2009; Serra-Llinares et al. 2014) . We consequently selected Sandnesfjord, situated more than 80 km away from the closest salmon farm, to conduct our study. Unfortunately, most wild sea trout used in our study carried unexpectedly high lice loads at the moment of capture, circumstance that may have obscured the differences between groups and reduced the effect size (and thus statistical power) of our analysis. Occasional lice outbreaks have previously been described in farm-free areas , probably related to infrequent hydrodynamical conditions, even though these tend to be isolated peaks and to occur only rarely. One possible and safe alternative to find lice-free sea trout by the start of the study could be to capture out-migrating sea trout smolts right before they leave the river on their way out to the sea. Moreover, control fish could be further shielded from lice infestation by use of antiparasitic treatments. However, chemical prophylaxis may have unwelcome side-effects on the fish as well as affect other parasites than sea lice, which may interfere with the results of the study. Also, it has been suggested that some physiological and behavioral responses to high salmon lice infestation pressure may be present even before the lice impose osmoregulatory problems (Birkeland and Jakobsen 1997; Gjelland et al. 2014) . Thus, prophylaxis treatments preventing the molting of the lice but not the attachment (such as substance EX, Pharmaq, Norway) may still fail to prevent lice-induced behavioral changes (Birkeland and Jakobsen 1997; Gjelland et al. 2014) . Sivertsgård et al. (2007) evaluated the effect of salmon lice on i) artificially infested, ii) control and iii) lice-protected (substance EX, Pharmaq, Norway) hatchery-reared sea trout and Atlantic salmon smolts equipped with acoustic transmitters. In their study, no differences in mortality where observed between the three groups during fjord migration for neither species. However, the study extended only over a short time period, and during which period the salmon lice could develop only to the chalimus stage of the life cycle. Independently of whether the chosen design includes or not the treatment of some fish with antiparasitic medication, a proper monitoring of the lice infestation pressure in the study area should be mandatory to detect the potential exposure of the experimental fish to additional lice. In this pilot study we did not perform individual lice counts on the fish prior to release but rather followed a group-level approach, where the final lice burden on the artificially infested fish was estimated based on lice counts from a reference group. We estimated a final artificial infestation of more than 0.3 lice/g fish for lice in the infested group. This is regarded as a heavy load with severe consequences for the host (Taranger et al. 2015; Thorstad et al. 2015) and at the same time it is not uncommon to find such infestation levels on wild fish (MacKenzie et al. 1998; Tully et al. 1999; Bjørn et al. 2001; Serra-Llinares et al. 2014; Gargan et al. 2017 ). The advantage with group-based studies is that only a portion of the fish needs to be handled and inspected for lice after artificial infestation. The drawback, on the other hand, is that any differences observed between infested and control fish can only be attributed to the particular lice burden estimated for the infested group. Alternatively, individual-based studies where each individual fish is examined for lice prior to release and where the whole range of possible lice burdens is represented would be a more suitable approach for describing the shape of the relationship between salmon lice and sea trout mortality (or other life history traits). In this case, especial care should be taken during the manual examination of the fish post-infestation, in order to minimize the risk of removing the delicate newly attached copepodites. Also, little is known about the effect of fish anesthetics on sea lice, and thus potential extra loses of lice due to the sedation of the fish should not be ignored.
The use of acoustic telemetry in this study allowed direct observation of mortality, thus avoiding a total dependence on returns/recaptures, which are often limited and hard to obtain Skaala et al. 2014; Vollset et al. 2016 ). However, nearly 1/3 of the fish in this study rapidly left the study area and were never observed again, severely reducing the amount of data available for analysis and thus limiting the ability of the study to reach statistically significant inferences. Increasing the number of fish released would be the first and most obvious way to bust the statistical power of the study, but it would also entail elevated costs related to the tagging and lice-counting of an elevated number of individuals. Besides, the release of a large number of artificially infested sea trout in an otherwise relatively lice-free area may have ecological and ethical implications that, in any case, should be given proper consideration. Another way to increase our chances of reaching statistically significant inferences would be to expand the temporal and/or spatial coverage of the study. A common caveat of telemetry studies is the limited life-span of acoustic tags due to battery capacity, which may not allow for the detection of returning fish later in the season or even in following years. Other tagging techniques such as PIT tags can unlimitedly extend the duration of the study but are dependent on number or returns/ recaptures. A combination of both techniques could be a good trade-off, so that additional detections gained from PIT tags can add robustness to survival analyses based on telemetry data. Additionally, expanding the spatial coverage of the study would increase the chances of detecting tagged fish and thus increase the amount of information available for analysis. One could, for instance, add additional hydrophones in more remote areas which the fish may be sporadically visiting or even add PIT antennas in other rivers in the system, this way increasing both the temporal and the spatial coverage of the study simultaneously.
Last, the high acoustic coverage of the study area allowed us to observe habitat choice preferences, including depth and salinity, in this pilot study. Indeed, infested and smaller fish were found in shallower waters, as well as closer to the estuary area, compared to control fish. By combining 3D fish positioning with a state-of-the-art hydrodynamic model, we were able to further demonstrate that the observed differences in habitat use reflect a preference for lower salinities for infested fish, illustrating that this combination of methods can be of excellent value for understanding more detailed behavioral responses, e.g. beyond the mere observation of premature return to freshwater. Behavioral restrictions caused by high parasite load, such as dependency for low salinity waters, can result in the loss of foraging opportunity and efficiency (Birkeland 1996) , which, in turn, may entail a reduction in growth, survival, and reproductive potential for the host fish (Birkeland 1996; Wells et al. 2007; Fjørtoft et al. 2014) .
The impacts of sea lice on wild salmonids is and will continue to be an important constrain for the development of a sustainable marine aquaculture industry. Thus, studies that aim to quantify the impact of salmon lice in the wild are urgently needed. Our study showed promising results from the combination of an infestationbased RCT in a fjord with low density of salmon lice, the use of acoustic telemetry and the use of detailed 3D hydrodynamical modeling for analyzing the impact of salmon lice on wild, free swimming sea trout. We recommend further studies with larger data sets over a number of years and under different environmental conditions following this innovative approach. Some suggested improvements to increase the statistical power of future studies would be to i) increase the number of tagged fish to reach a minimum required sample size, ii) catch out-migrating sea trout smolts before they enter the sea, and iii) expand the spatial and/or temporal coverage of the study, for instance by combining acoustic telemetry with PIT tagging. This is likely to provide new and valuable quantitative evidence on the effect of salmon lice on sea trout in the wild.
